Key Points: 5 • Exchange across the inner shelf south of Martha's Vineyard, MA is driven by a com-6 plex combination of non-uniform, wind-driven depth-dependent exchange, coherent ed-7 dies, and a spatially varying background circulation.
For the ISLE study, the WHOI high resolution HF radar system [Kirincich et al., 2013] 149 was reconfigured to observe surface currents within an expanded 30×40 km coverage area from 150 May to December of 2014. The three HF radar systems were spaced at ∼10 km intervals along 151 the south coast of Martha's Vineyard (Fig. 1) . Each system was a 25 MHz Codar Ocean Sys-152 tems SeaSonde direction-finding radar operated using a combination of 350 kHz bandwidth 153 and low transmit power (10 W) to achieve resolutions of 429 m over ranges of 40 km. For 154 each system, 1024 point (∼8 minute) spectral estimates of the radar backscatter were used to 155 resolve doppler velocities less than 0.01 m s −1 . Successive spectra were averaged using a mov-156 ing 24 min averaging window to form an average spectral estimate every 15 min. which were Nortek 5-beam AD2CP grees respectively. These data were combined into vector velocities on a uniform 800 m res- Wind velocities and meteorological conditions were recorded by MVCO both at a shore 168 meteorological mast and an offshore tower ( Fig. 1) . Winds from the tower, measured by a 3-169 axis sonic anemometer located at 17 m above the sea surface, were used primarily here, and 170 are thought to be representative of winds over the entire study area. Small gaps in the tower 171 wind record were filled using land-based sensors using transfer functions developed by Few- The velocity profiles collected by the moored ADCPs were used to estimate the across-178 shelf transport within the surface layer following the methods described by [Lentz, 2001; Kir-179 incich et al., 2005] , with a few key additions. At each mooring location, except station A, the 180 observed HF radar surface currents nearest the location of the mooring were combined with 181 the subsurface velocities to create a full water column velocity profile for each 1/2 hour of the 182 full time series. At station A, which was not located within the radar coverage area, the ve-183 locity in the top 3 bins of the ADCP were extrapolated to the surface [following Lentz, 2001] 184 to form the full water-column velocities. An estimate of the Stokes drift, which was measured 185 by the radars but not by the ADCPs [Kirincich et al., 2012] , was added to the ADCP obser-186 vations using the observed wave statistics [following Lentz et al., 2008] . This addition accounted 187 for both a key difference between the HF radar and ADCP data sets and any potential wave-188 driven across-shelf exchange that would be seen in the ADCP results due to their Eulerian ref- to find the eddy field was fixed at δ ψ = 50 m 2 s −1 units for the data set ( Fig. 3 ). This defines 218 the minimum circulation of an eddy, and is based on the potential error of the HF radar ve-219 locity estimates, generally 6 cm s −1 over the 800 m grid spacing (App. A: ). The method iden-220 tifies only features that exceed a minimum change in streamfunction (i.e. intensity) that are 221 larger than a minimum size (6 grid points for an effective minimum radius of ∼2 km) and can 222 be observed for longer than a minimum time period (1.5 hours or three 1/2 hour observations).
223
The effective radius of the eddy was defined as the radius of a circle with an area equal to the 224 area of the eddy. The center of the eddy was defined as the local minima or maxima of the 225 stream function within the eddy. Eddies were tracked over time following [Chelton et al., 2011] .
226
-9-Confidential manuscript submitted to JGR-Oceans (Fig. 3) , and a change in density cutoff to define the eddy thickness. In general, velocity-248 based criteria were found to have reduced standard deviations for most eddy types (see be-249 low) than density-based estimates, and while differences existed in the absolute eddy depth 250 results for individual threshold levels, the relative differences between eddy types were con-251 sistent across all methods. suggesting that the principal axis results described here are robust.
324
To understand the potential role of surface winds in forcing across-shelf depth-dependent 336 exchange, the observed across-shelf surface layer transport (U obs ) was compared to the the-337 oretical wind-driven across-shelf transports predicted following Lentz [2001] and Fewings et al.
338
[2008] using a multiple linear regression to characterize the components of the observed trans- (Fig. 7) . The mean effective radius of the eddies had a peak at 1.5 km with a slow rolloff 393 to radii of 3 to 6 km ( Fig. 7) . Thus, most eddies do not translate horizontally more than their 394 effective diameter.
395
Eddies are more often found in summer than winter, and the area adjacent to Wasque The six eddy types, defined above and in Tab. 3, account for 529 of the 634 eddies iden-413 tified. Each represent a characteristic flow field of the study area as can be seen in a compos-414 ite average of the velocity fields during each eddy type (Fig. 9) . Importantly, while averag-415 ing in geographic coordinates has the potential to smear out the spatial structure of both the 416 -18- Anti-cyclonic and cyclonic eddies in the northeast corner ( Fig. 9, left) , encompassing for cyclonic eddies within the northeast corner but had a σ=0.04 difference across the west-429 ern side of the composite anti-cyclonic eddy, with denser waters located within the eddy core.
430
Eddies along the western edge ( Fig. 9, right) Only eddy averaged mean currents that are larger in magnitude than the standard error are shown. Additionally, the mean location of the center of each eddy (magenta dot) within the characteristic type are shown to illustrate the potential smearing of the composite surface current field due to the spatial variability of the eddy locations themselves. Superimposed on the velocity fields are the eddy averaged density anomaly contours at 3-m depth (with a contour interval of σt=0.02) formed by removing the seasonally varying background density structure shown in Fig. 5 from the instantaneous densities estimated at the moorings. The composite-averaged wind stress, observed at the offshore tower near station H (Fig. 1) is shown at the tower location (thick blue arrow). the center, cyclonic eddies found along the western edge had the deepest depths, at 10-18 m 459 0.5-1 radii away from the center, the approximate sill depth between the western edge of Martha's 460 Vineyard and the Nomans Island offshore to the south. Cyclonic eddies in the northeast cor-461 ner also had slightly greater eddy depths than the remainder of the eddy types, with values of 462 10-12 m at 0.25-0.5 radii from the eddy center, similar to the shoal depth directly to the east.
463
Due to the detection method used, eddy depths are likely to be biased low when detected at 464 the center of the eddy where flow is the most quiescent and velocity errors might lead to in-465 creased veering with depth. This can be seen in Fig. 10 , as most eddies have smaller depths 466 and higher uncertainties at small distances from the eddy center.
467
In general, depth estimates were possible at less than half of the eddies for most eddy 468 types (Tab. 3). While depths were available for 60% of the cyclonic eddies in the northeast 469 corner due to their proximity to the moorings, only 10% of the cyclonic eddies offshore were 470 seen at the moorings. While offshore eddy depths were between 5 and 10 m (Fig. 10) , it should 471 be noted that only the largest offshore eddies were observed at the moorings and most of depth 472 estimates were at edge the of eddies due to relative location of eddies and moorings.
473
-22-Confidential manuscript submitted to JGR-Oceans and where eddies will normally form throughout the study area. Cyclonic eddies appear to form 484 along the western boundary predominately during winds to the northwest (Fig. 11 , right panel, 485 blue dots), where the larger flow field around the eddy is strong and onshore directed at the 486 surface ( Fig. 9) . In contrast, anti-cyclonic eddies forming during northwestward winds are most 487 often found in the northeast corner ( Fig. 11, left westward line across the domain (Fig. 11) . In many of the eddy types, the strongest compos-493 ite velocities are found along this line, suggesting this is the general position of the along-shelf to the northeast are the dominant wind direction during summer and thus some of the processes 496 leading to the distributions seen for northeastward winds might not be due to the wind itself.
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Tides: A fraction of the eddies in the northeast corner appear to be linked to the phase of the 502 M 2 tide as eddies of both rotational types are more likely to occur at max flood or ebb than 503 other phases of the local tide. As illustrated by Kirincich [2016] , this is of interest as simple 504 vortex stretching of tidal flows [Robinson, 1981] does not account for the generation of cy-505 clonic and anticyclonic eddies on both ebb and flood tide conditions, but suggests a more com-506 plex spatial structure of tidal phase. However, eddies in the northeast corner do occur at all 507 phases of the tide, suggesting that a large portion of the composite structure seen in (Fig. 9 ) 508 might be due to non-tidal effects such as the wind effects described above. Along the west- along lines of constant density anomaly (Fig. 9 ), against the direction of a thermal wind shear 517 between the horizontal density gradient and the velocity field, assuming weak flow at the bot-518 tom. For the eddies found offshore, the flow located in and around the mooring locations ap-519 pears to be along lines of constant density anomaly (Fig. 9 ), and has a direction consistent with 520 a thermal wind balance. With a composite 0.04 kg m −3 density change between the 15-m and 521 25-m moorings (a 5 km separation), the thermal wind velocity would be ∼2 cm/s at the sur-522 face, similar to the observed velocity magnitudes. Farther offshore at the locations of the off-523 shore eddies themselves, anecdotal evidence from the small number of eddies with concur-524 rent cloud-free SST imagery suggests that density gradients or baroclinic processes are a po-525 tential driver for these eddy types. For example as shown in Fig. 12 , a cyclonic eddy exists 526 along the offshore edge of a plume of cooler waters meandering through the study area. down of stratification seen thereafter (Fig. 4) , The observed across-and along-shelf winds have competing influence on the direction 540 and magnitude of exchange across the shelf (Fig. 4) . The integrated theoretical across-shelf 541 transport due to the across-shelf winds would result inn3762±120 m 2 per day directed onshore,
542
while the integrated effect of the along-shelf winds would provide 1760±120 m 2 per day of 543 transport directed offshore (Fig. 6 ). Uncertainty estimates for both wind-driven transports were 544 assessed by assuming a potential bias in the wind speed of up to ±0.1 m/s and computing the 545 subsequent range of wind-driven transports.
546
For the wind-driven across-shelf surface layer transport, the regression coefficients shown 547 in Tab. 2 were used to predict the total transport realized at each mooring due to the along-548 and across-shelf winds. Using this approach, the potential effect of the winds are integrated 
555
In general, the integrated surface layer transport due to along-shelf and across-shelf winds 556 at the moorings also have competing influences (Fig. 6) , however, large differences exist in 557 the magnitude of both components between the mooring locations. Offshore, both the across-558 and along-shelf wind-driven transport change sign from B to F, or west to east. As the local 559 winds are rotated into along and across-shelf coordinate system at each location, a portion of 560 the difference was due to the difference principal axis orientation. Yet, the differences in wind-561 driven exchange between stations D and F, with across-shelf wind-driven exchange being 4.5 562 times larger at D and along-shelf wind-driven exchange being the opposite sign at F are more 563 significant than what the difference in orientation would provide. Onshore at stations A, C, 564 G, and E, the across-shelf wind-driven exchange generally increases from 825±228 to 2070±423 565 m 2 per day directed onshore from west to east, while the along-shelf wind-driven exchange 566 -26-Confidential manuscript submitted to JGR-Oceans was weak in comparison, varying from ∼300±100 m 2 per day directed offshore at A and C 567 to 200-800 m 2 per day directed onshore at G and E.
568
The observed transport ( Fig. 6:black arrows) , the time integral of U obs , within the sur-569 face layer over the summer, ranged from 1300 m 2 onshore at B to 1300 m 2 offshore at F with 570 small uncertainties. Onshore, observed transports were up to ±1300 m 2 per day but highly 571 variable both in magnitude and direction. It is important to note that stations D,H, E, and I,
572
the observed transport is estimated over a shorter time period than the wind-driven transport, 573 due to the shorter record lengths, potentially contributing to the larger variability seen at these 574 stations. By definition, the residual transport ( Fig. 6:magenta arrows) is the difference between 575 the combination of the wind-driven transports, based on the regressions between the wind and 576 the surface layer transport, and the observed transport. Thus, the residual can be thought of this context, the eddy driven exchange is more than 1/3 of the wind-driven exchange.
598
-27-Confidential manuscript submitted to JGR-Oceans Given that most eddies don't translate far relative to their diameter, the ability of an eddy 599 to move a particle of water from one side to another, defined here as its relative transport over 600 its lifespan, is potentially more important to exchange across the shelf than the simple trans- in the regression coefficients of up to 50% over relatively small spatial scales (not shown here).
645
Thus, the definition of along-shelf is not the only reason for the differences seen.
646
-29-Confidential manuscript submitted to JGR-Oceans Independent of the coordinate system itself, differences from the predicted transport are 647 likely due to either variations in stratification, which would drive a different magnitude response 648 in the surface layer, or differences in the winds themselves. While the spatial variability of the 649 wind was not measured at mooring sites other than the tower near station H, comparing wind /m is more similar to the 15 m sites in stratification magnitude and regression coefficients. As 658 discussed in Lentz and Fewings [2012] , decreased stratification at a given water depth would 659 favor a stronger response to the across-shelf wind forcing than that seen for the along-shelf 660 winds. In contrast, the along-shelf wind-driven responses at F and E were not consistent with 661 Ekman transport. The observed response is more likely related to the onshore-offshore move-662 ment and/or veering of the along-shelf coastal current, such as that shown in Fig. 9 tion of the eddies occurring within the northeast corner were generally linked to the tide, in 670 that many occur on particular phases of the M 2 tide, but whether an eddy is found within the 671 northeast corner appears to also depend on wind direction. The spatial extent of the eddy hot 672 spot within the northeast corner is not significantly different between winter and summer, and 673 is similar in along and across-shelf extent to the offshore extent of the shoals itself. Thus, de-674 spite differences in wind forcing and stratification which clearly affect the total numbers of 675 eddies found, the area of the inner shelf subject to additional small-scale eddy fluxes due to 676 the presence of the shoals is limited to an area not larger in extent than that of the shoals it-677 self.
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To the west, the occurrence of eddies along the western boundary is less often linked 679 to the phase of the tide in the area, but more to the direction of the wind and the dominant 680 along-shelf flow, suggesting that flow around the topography is important. However, as the lo-681 cation of the eddy hot spot along the western edge changes from winter to summer, stratifi-682 cation is likely to also be a factor. Inshore, where the eddies crossed the locations of multi-683 ple moorings, eddies were seen to form both within an existing horizontal density structure, 684 such that the eddy streamlines align with near-surface isopyncals, as well as form across isopy-685 ncals and advect or deform the existing horizontal density structure. For most of the eddy types, 686 wind direction might control the eddy formation as wind direction appears to control the larger 687 scale flow field and its interaction with the existing bathymetric barriers. In contrast, eddies 688 found offshore during times of good SST imagery consistently had eddy streamlines aligned 689 with isotherms ( Fig. 12 ). If representative of the bulk of offshore eddies, this suggests that di-690 rect wind forcing was not the dominant driver of eddy activity offshore. The spatial structure of the background flow (Fig. 5, Tab. 4) reveals that a significant 706 amount of across-shelf transport can be driven by lateral variability independent of the wind 707 or eddy activity. While the exact meaning of the relative exchange for wind and eddy-driven 708 processes and its impact has not been quantified, the background circulation that causes the 709 large-scale relative exchange is not, and has been shown to lead to real fluxes of heat across 710 -31-Confidential manuscript submitted to JGR-Oceans the shelf [Wilkin, 2006; Fewings and Lentz, 2011; Kirincich et al., 2013] . However, this exchange 711 is driven by tidal rectification, in contrast to the wind and a number of the characteristic eddy-712 driven exchanges. The coherent eddies identified using the eddy-finding methodology are small 713 in spatial scale, short-lived in time, and generally uncorrelated with the wind and thus repre-714 sent additional transport that is not accounted for in typical mooring-based estimates of ex-715 change.
716
It is possible that a portion of the residual exchange seen at the moorings, which gen-717 erally counterbalanced the wind-driven transport, might be the result of the larger scale effects 718 of the eddies as illustrated above by the relative transport of an along-shelf line of particles.
719
Coherent eddies move offshore and to the west in the area of Stations D and F, more so than 720 at other stations, which would potentially contribute a sizable non-wind transport at these lo-721 cations (Fig. 6) . In contrast, at station B there is little net translation of eddies, but station B 722 is consistently on the northeast side of cyclonic eddies along the western edge ( Fig. 9) where 723 the larger scale flow outside of the eddy is to the northwest.
724
That there is less variability in the residual at the onshore stations, where less eddies were 725 observed, suggests that other processes might be driving the residual transport onshore. Here, 726 differences between the Eulerian wave-driven return flow captured by the ADCPs and the the- west of Wasque Shoals located to the east, and more generally offshore and removed from di-769 rect topographic influence. The occurrence of eddies was related to a combination of tidal and 770 intermittent wind forcing effects onshore, but appears more due to buoyancy variability off-771 shore. At slowly varying time-scales of months or longer, strong spatial variability existed in 772 -33-Confidential manuscript submitted to JGR-Oceans the inner shelf circulation due to the influence of the tides, bathymetry, seasonally varying winds, 773 and stratification.
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The total exchange across the inner shelf south of Martha's Vineyard, MA was a com-
